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Abstract: 23 Operons are a hallmark of bacterial genomes, where they allow concerted expression of 24 multiple functionally related genes as single polycistronic transcripts. They are rare in 25 eukaryotes, where each gene usually drives expression of its own independent messenger RNAs. 26 Here we report the horizontal operon transfer of a catecholate-class siderophore biosynthesis 27 pathway from Enterobacteriaceae into a group of closely related yeast taxa. We further show that 28 the co-linearly arranged secondary metabolism genes are actively expressed, exhibit mainly 29 eukaryotic transcriptional features, and enable the sequestration and uptake of iron. After transfer 30 to the eukaryotic host, several genetic changes occurred, including the acquisition of 31 polyadenylation sites, structural rearrangements, integration of eukaryotic genes, and secondary 32 loss in some lineages. We conclude that the operon genes were likely captured in the shared 33 insect gut habitat, modified for eukaryotic gene expression, and maintained by selection to adapt 34 to the highly-competitive, iron-limited environment. 35 36 Main Text: 37 The core processes of the Central Dogma of Biology, transcription and translation, are 38 broadly conserved across living organisms. Nonetheless, there are seemingly fundamental 39 differences between the domains of life in how these processes are realized. Eukaryotic 40 transcription is spatially and temporally separated from translation and generally operates on 41 individual genes through a complex interplay of transcription factors and chromatin remodeling genes into a polycistronic mRNA that is minimally processed and translated into several 48 polypeptides at similar abundance. In contrast, eukaryotic operons, which are rare in most taxa 49 but are frequently found in nematodes (1, 2) and tunicates (3, 4) , are processed by trans-splicing 50 and related mechanisms. Operon dissemination has been proposed to occur predominantly via 51 horizontal gene transfer (HGT) (5, 6) , a process where organisms acquire genes from sources 52 other than their parents. HGT is pervasive and richly documented among bacteria, but it is 53 thought to be rarer in eukaryotes (7) (8) (9) (10) (11) . Known examples of bacterium-to-eukaryote HGT 54 occurred as single genes, but never as operons. Nonetheless, horizontal operon transfer (HOT) 55 into eukaryotes would allow even complex pathways to spread rapidly, especially in 56 environments where competition for key nutrients is intense. 57 One such nutrient is iron, which plays crucial roles in many essential cellular processes (12-58 14) and is a key determinant of virulence in both animal and plant pathogens (15) (16) (17) . Many 59 specialized systems have evolved to sequester it from the surrounding environment, one of which 60 is the biosynthesis of small-molecule iron chelators called siderophores. Most bacteria synthesize 61 catecholate-class siderophores (18), whereas hydroxamate-class siderophores are commonplace 62 in fungi (19) . A notable exception is the budding yeast lineage (subphylum Saccharomycotina), 63 which has long been thought to completely lack the ability to synthesize their own siderophores, 64 despite its ability to utilize them (19) . Here we survey a broad range of fungal genomes for 65 known components of iron uptake and storage systems. Although most systems are broadly 66 conserved, we identify a clade of closely related yeast species that contains a bacterial 67 siderophore biosynthesis pathway. Through phylogenetic hypothesis testing, we show that this 68 4 pathway was acquired through horizontal operon transfer (HOT) from the bacterial family 69 Enterobacteriaceae, which includes Escherichia coli, Erwinia carotovora, Yersinia pestis, and 70 relatives that share the insect gut niche with many of these yeasts (20) . After acquisition, the 71 operon underwent structural changes and progressively gained eukaryotic characteristics, while 72 maintaining the clustering of functionally related genes. Transcriptomic experiments and 73 analyses show that the siderophore biosynthesis genes are actively expressed, contain poly(A) 74 tails, and exhibit evidence of mostly monocistronic transcripts, as well as some potentially 75 bicistronic transcripts. In vivo assays also demonstrate the biosynthesis and secretion of 76 functional catecholate-class siderophores in several of these yeast species. This remarkable 77 example shows how eukaryotes can acquire a functional bacterial operon, while modifying its 78 transcription to domesticate and maintain expression as a set of linked eukaryotic genes.
80
Results:
81
Iron uptake and storage is conserved in fungi 82 We surveyed the genome sequences of 175 fungal species and observed broad conservation 83 of genes involved in low-affinity iron uptake, vacuolar iron storage, reductive iron assimilation, 84 heme degradation, and siderophore import systems ( Fig. 1 , Table S1 ). In contrast, genes involved 85 in siderophore biosynthesis pathways were more dynamic. Siderophore biosynthesis was thought 86 to be completely absent in budding yeasts (19) , but the genomes of Lipomyces starkeyi and 87 Tortispora caseinolytica contain homologs of the SidA, SidC, SidD, SidF, and SidL genes 88 involved in the biosynthesis of ferricrocin and fusarinine C, which are hydroxamate-class 89 siderophores synthesized from L-ornithine by many filamentous fungi, such as Aspergillus 90 nidulans (19) . Since these species are the earliest-branching budding yeast taxa, the presence of 91 this pathway in their genomes is likely an ancestral trait inherited from the last common ancestor 92 5 of the Pezizomycotina and Saccharomycotina, while its absence in most yeasts is likely due to a 93 loss early in budding yeast evolution. Surprisingly, the genomes of three closely related 94 Trichomonascaceae species (Candida versatilis, Candida apicola, and Starmerella bombicola) 95 contain multiple homologs of bacterial siderophore biosynthesis genes (entA-F) that are 96 predicated to enable the synthesis of catecholate-class siderophores from chorismate (21) (Fig.   97 S1). These genes are co-linear and predicted to be expressed from the same strand of DNA, 98 features that are both reminiscent of the operons where these genes are found in bacteria.
100
Horizontal operon transfer (HOT) from bacteria to yeasts 101 To investigate the evolutionary history of these genes, we sequenced and analyzed 18 102 additional genomes from the Wickerhamiella/Starmerella clade (W/S clade, Table S2 ) and 103 identified the catecholate-class siderophore biosynthesis pathway in 12 of these species ( Fig. 2a , 104 2c). To determine whether the yeast siderophore biosynthesis genes were horizontally acquired 105 from a bacterial operon, we first used the ent genes found in yeasts to perform BLAST queries 106 against the bacterial data present in GenBank and found that the top hits belonged to a range of 107 species from the family Enterobacteriaceae. Since no single taxon was overrepresented, we 108 surveyed 1,336 publicly available genomes from the class Gammaproteobacteria, to which the 109 Enterobacteriaceae belongs, for the presence of entA-entF homologs and extracted them from all 110 207 genomes where all six genes could be reliably identified (Table S3 ). We then reconstructed 111 unconstrained maximum-likelihood (ML) phylogenies for each ent gene, as well as for a 112 concatenated super-alignment of all six genes (entABCDEF, Table S4 ). Since entF contributed 113 nearly two-thirds of the total alignment length, we also evaluated a super-alignment of the 114 remaining five genes (entABCDE, Fig. 2a ). To determine whether and how these yeasts overcame the differences between eukaryotic and 136 bacterial gene expression, we sequenced mRNA from C. versatilis, C. apicola, and St. 137 bombicola. These species were chosen due to their diverse gene cluster structures and positions 138 on the phylogenetic tree: C. versatilis was chosen as an early-branching representative whose 139 7 structure appeared to be more similar to the ancestral operon, while St. bombicola and C. apicola 140 appeared to represent more derived stages of evolution in the eukaryotic hosts. Each of the three 141 species expressed mRNAs for the siderophore biosynthesis genes, and C. versatilis expression 142 was the highest (Table S6) . 143 We then examined the transcriptomic data for characteristics that are typically bacterial or 144 eukaryotic. The length of intergenic regions was not divisible by three, so we immediately 145 excluded the hypothesis that they were translated as a single fused polypeptide. The C. versatilis 146 genes were expressed at similar levels, whereas St. bombicola and C. apicola genes showed 147 significant diversity in their expression (Table S6 , Fig. 4 , Figs S2-S4). Interestingly, we also 148 observed that the siderophore biosynthesis genes in C. versatilis had much shorter intergenic 149 sequences than their counterparts in St. bombicola and C. apicola, which were each shorter than 150 their respective genome-wide means (within gene cluster intergenic means were 158, 484, and 151 377 bps versus genome-wide means of 370, 549, and 455 bps for C. versatilis, St. bombicola and 152 C. apicola, respectively). Shorter intergenic distances can enhance transcriptional coupling 153 between neighboring genes inside operons (22, 23) , so these results suggest that C. versatilis 154 might have retained this feature due to selection for concerted expression. 155 To further investigate operon-like characteristics that may have been retained, we analyzed 156 read pairs in which the forward and reverse reads mapped to different genes, providing physical 157 evidence of transcripts composed of multiple genes. To quantify this signal, we calculated the their intergenic regions, provide evidence of overlapping (and potentially bicistronic) transcripts. 164 Most transcripts predicted to be involved in siderophore biosynthesis were monocistronic in St. 165 bombicola, C. apicola, and C. versatilis, but C. versatilis had a sub-population of potentially 166 overlapping mRNAs, including the entB and entD genes on one end, as well as the entE, entA, 167 and entH genes on the other (Fig. 4) , with the entE-entA-entH genes showing the strongest signal 168 of overlap. Previously reported yeast bicistronic transcripts have been attributed mainly to 169 inefficiencies in the RNA transcription machinery (24, 25) , whereas the yeast ent transcripts we 170 have described here encode functionally related steps of a biosynthesis pathway that may retain 171 some polycistronic characteristics from their ancestry as parts of a bacterial operon. 172 We also examined the transcriptomic data for evidence of transcriptional processing and 173 found that many of the siderophore biosynthesis genes contained putative polyA tails (Fig 4. , 174 Figs S2-S4). We did not find any evidence suggesting that 5' caps were added by trans-splicing 175 (26) or by alternatively cis-splicing a common cassette exon upstream of each protein-coding 176 region (27) . Thus, we conclude that, even in C. versatilis, the majority of transcripts are likely 177 transcribed and processed through conventional eukaryotic mechanisms that involve distinct 178 promoters and polyadenylation sites for each gene. These results further suggest that most 179 sequence modifications for eukaryotic expression act pre-or co-transcriptionally, rather than 180 through specialized sequences to enable translation.
182
Bacterial siderophore biosynthesis is functional in yeasts 183 To determine whether yeasts that contain the ent biosynthesis genes actually produce 184 siderophores, we grew them on a low-iron medium overlaid with iron-complexed indicators. In 185 presence of iron chelators, such as siderophores, the medium changes color from blue to orange, 186 in a characteristic halo pattern that tracks the diffusion gradient of siderophores secreted from 187 9 colonies into the surrounding medium. We tested the 18 yeast species from the W/S clade that 188 we sequenced, together with eight outgroup species spread broadly across the yeast phylogeny 189 (including S. cerevisiae) and E. coli as a positive control, and we observed unambiguously strong 190 signals of siderophore production in five species, all of which contained the siderophore 191 biosynthesis genes (Fig. 4, Fig. S5 ). The lack of signal in other species harboring the siderophore 192 biosynthesis genes could suggest the secondary inactivation of the pathway (through 193 mechanisms other than nonsense or frameshift mutations, which are absent), but it is more likely 194 that siderophore production is below the sensitivity of the CAS assay or is not induced under the Evolution of a bacterial operon inside a eukaryotic host 200 Given the significant differences in Central Dogma processes between bacteria and 201 eukaryotes, we investigated how the horizontally transferred operon was successfully assimilated 202 into these yeasts by mapping key changes in gene content, structure, and regulation onto the 203 phylogeny ( Fig. 5a ). First, the phylogenetic distribution of the operon genes suggests at least five 204 cases of secondary loss in W/S clade yeasts, a common occurrence for other fungal gene clusters 205 (28) (29) (30) (31) . Although all taxa contain the six core genes (entA-F), C. versatilis uniquely harbors a 206 homolog of the entH gene, which encodes a proofreading thioesterase that is not strictly required 207 for siderophore biosynthesis (32) . Since no homologs or remnants of other genes from the 208 bacterial operon could be identified, we hypothesize that they were lost due to functional 209 redundancy with genes already present in yeast genomes (e.g. the bacterial ABC transporters 210 fepA-G are redundant with the yeast major facilitator superfamily transporters ARN1-4, the 211 10 bacterial esterase fes is redundant with yeast ferric reductases FRE1-8). Second, most extant 212 Enterobacteriaceae species closely related to the source lineage share an operon structure similar 213 to that of E. coli (Table S4) , which is more complex than that of the W/S clade yeasts (Fig. 5b) . 214 Based on this evidence and a molecular clock (33) , we infer that an ancient bacterial operon, 215 whose structure was somewhere between that of E. coli and C. versatilis, was horizontally horizontal gene transfer between different domains of life have been uncovered (9, (34) (35) (36) (37) , but the 233 transfer of entire operons into eukaryotes has been merely speculated upon as an intriguing 234 potential route of acquisition of secondary metabolism pathways (34, 38) . The previous lack of 235 11 evidence for HOT into eukaryotes led authors to propose barriers due to pathway complexity (39) 236 and differences in core Central Dogma processes (7, 40) . Where could the transfer of the 237 siderophore biosynthesis operon between Enterobacteriaceae and yeasts have occurred, and how 238 could the bacterial operon have been functionally maintained in the yeasts' genomes? Eukaryotes 239 have been proposed to acquire bacterial genes through several mechanisms, including virus-240 aided transmission (41), environmental stress-induced DNA damage and repair (42, 43) , and a 241 phagocytosis-based gene ratchet (44) . The species that harbor the siderophore biosynthesis 242 operon have been isolated predominantly from insects (45) (46) (47) , where stable bacterial and 243 eukaryotic communities coexist inside their guts (20) . Moreover, this niche harbors diverse 244 Enterobacteriaceae populations in which horizontal gene transfer has been reported (48, 49) , and 245 insect guts have recently been described as a "mating nest" for yeasts (50) . Since 246 Enterobacteriaceae and yeasts can conjugate directly in some cases (51) , it is plausible that the 247 last common ancestor of the W/S clade yeasts incorporated the operon from a bacterial co-248 inhabitant of an insect gut. Due to the intense competition for nutrients in this ecosystem, 249 including a constant arms race with the host organism itself (52) , yeasts able to make their own 250 siderophores and sequester iron may have had a substantial advantage over those relying on 251 siderophores produced by others. 252 Given the fundamental differences between bacterial and eukaryotic gene regulation, how 253 could a bacterial operon have been maintained in a eukaryotic genome upon transfer? If it had 254 not been actively expressed and functional, the genes of the operon would have been rapidly lost 255 from the genome through neutral evolutionary processes. Although eukaryotes do not encode 256 proteins with significant similarity to the bacterial regulator Fur that controls the expression of 257 the bacterial ent genes, their iron response is governed by transcription factors that also belong to 258 the GATA family. Indeed, the consensus Fur-binding site (5'-GATAAT-3') is remarkably 259 12 similar to that of the fungal transcriptional factors that respond to iron (5'-WGATAA-3') (19, 260 53) . This similarity suggests the intriguing possibility that the siderophore genes could have 261 readily switched from being regulated by a bacterial transcription factor to a eukaryotic 262 transcription factor, at least for the most 5' promoter. Siderophores are potent chelators that can Table   322 S2. Asterisks (*) mark paraphyletic groups. Note that only Wickerhamiella/Starmerella (W/S) 323 clade fungi contain the bacterial or catecholate-class siderophore biosynthesis pathway. 632 List of genomes and putative hits to iron utilization proteins analyzed in this study. Unless 633 otherwise specified, query proteins were from S. cerevisiae. 639 List of Gammoproteobacteria species with the six siderophore biosynthesis genes (entA-entF) 640 analyzed in this study. 
